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Summary
The spindle checkpoint delays anaphase onset until
all chromosomes have achieved bipolar attachment
to the spindle microtubules. Unattached kinetochores
activate the spindle checkpoint by recruiting several
spindle-checkpoint proteins, including Mps1, Mad1,
Mad2, Bub1, Bub3, and BubR1 (Mad3 in yeast) [1]. In
vertebrate cells, active MAP kinase (MAPK) is also en-
riched at unattached kinetochores and is required for
the spindle checkpoint [2–5]. It has been shown that
the kinase activity of Mps1 is required for the spindle
checkpoint [6] and for kinetochore localization of
Bub1, Bub3, Mad1, and Mad2 [6, 7]. We herein demon-
strate that MAPK phosphorylates Mps1 at S844 in Xen-
opus egg extracts. Interestingly, changing S844 to
unphosphorylatable alanine (S844A) has no effect on
the kinase activity of Mps1, although it abolishes the
checkpoint function of Mps1. Biochemical and immu-
nofluorescence studies show that S844A mutation
perturbs kinetochore localization of Mps1 and other
spindle-checkpoint proteins, whereas the phosphory-
lation-mimicking S844D mutant restores their func-
tions. Our studies suggest that Mps1 phosphorylation
by MAPK at S844 might create a phosphoepitope that
allows Mps1 to interact with kinetochores. In addition,
our results indicate that active Mps1 must localize
to kinetochores in order to execute its checkpoint
function.
Results and Discussion
MAPK Contributes to Mps1 Phosphorylation
Mps1 is a dual-specificity protein kinase that functions
in spindle-pole-body duplication and the spindle check-
point [8–11]. The kinase activity of Mps1 is required for
the spindle checkpoint [6] and targets Mad1 in budding
yeast [12]. Mps1 is a phosphoprotein [10, 13], and phos-
phorylation of human Mps1 is regulated by the cell cycle
[10, 13]. However, it is not clear how phosphorylation
might regulate the kinase activity and the checkpoint
function of Mps1. We first examined Mps1 in the egg
extracts from the frog Xenopus laevis. Western blotting
of Mps1 showed a slower gel mobility of the protein in
*Correspondence: rhchen@imb.sinica.edu.twmetaphase and spindle-checkpoint-active extracts than
in interphase extracts (Figure 1A, lanes 1–3), indicating
that Mps1 was differentially modified at interphase and
M phase. These proteins were indeed Mps1 because
immunodepletion with Mps1 antibodies abolished the
signal (Figure 1B, lane 2). The proteins were restored
after the addition of in-vitro-synthesized RNA corre-
sponding to the wild-type or kinase-dead Mps1 (Fig-
ure 1B, lanes 3 and 4). Both wild-type and kinase-dead
Mps1 showed similar gel mobility (Figure 1B, lanes 3
and 4) that increased upon phosphatase treatment (Fig-
ure 1B, lanes 5 and 6). The result suggests that Mps1
in egg extracts was phosphorylated mostly by some
other kinase(s), rather than through autophosphoryla-
tion. Interestingly, adding the phosphatase inhibitor
microcystin to the samples as the control experiment re-
sulted in a further mobility retardation of wild-type Mps1
but not the kinase-dead protein (Figure 1B, lanes 7 and
8), suggesting that autophosphorylation of Mps1 in egg
extracts was balanced by a phosphatase activity. The
in vitro immunocomplex kinase assay of Mps1 from
various egg extracts showed similar levels of autophos-
phorylation activities (Figure 1A, lanes 4–6). The auto-
phosphorylated Mps1 proteins migrated approximately
as 160 kDa proteins that were indeed Mps1 because we
were able to reimmunoprecipitate the denatured pro-
teins with Mps1 antibodies (data not shown). The result
suggests that the increased phosphorylation of Mps1 at
M phase had no significant effect on the kinase activity
of Mps1 in the egg extract. In addition, Western blotting
of the in vitro autophosphorylation reactions showed an
extensive mobility shift of the wild-type, but not the
kinase-dead, Mps1 (Figure 1B, lanes 9 and 10), indicat-
ing that purified Mps1 was readily autophosphorylated
in vitro.
Xenopus Mps1 protein contains a number of serine/
threonine-proline sequences that are potential targets
for Cdc2 and MAPK. Active MAPK is enriched at kineto-
chores of misaligned chromosomes and is dissociated
from kinetochores after mid-anaphase [4, 5]. The spindle
checkpoint requires active MAPK in Xenopus egg ex-
tracts and tissue-cultured cells [2, 3]. To determine
whether Mps1 might be a target for MAPK, we examined
the effect of U0126, an inhibitor for MAPK kinase (MEK).
In U0126-treated metaphase egg extracts, Mps1 ap-
peared in more-rapidly migrating species in comparison
with that in control extracts, indicating reduced phos-
phorylation (Figure 1C) and suggesting that MAPK con-
tributes to Mps1 phosphorylation.
We performed two-dimensional tryptic-phosphopep-
tide mapping to determine the phosphorylation sites. We
used kinase-dead Mps1 for the analysis in order to avoid
any background phosphorylation generated through
autophosphorylation. We first compared the maps of the
proteins labeled with 32P in interphase and metaphase
extracts.Themapfromthemetaphasesample revealed a
major phosphopeptide that was absent in the interphase
sample, whereas most of the other phosphopeptides
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phorylation
(A) Mps1 is differentially phosphorylated dur-
ing the cell cycle. Mps1 immunoblotting
(lanes 1–3) and in vitro Mps1-autophosphory-
lation reactions (lanes 4–6) were performed
with interphase (lanes 1 and 4), metaphase
(lanes 2 and 5), and spindle-checkpoint-
active (lanes 3 and 6) Xenopus egg extracts.
An autoradiography of in-vitro-phosphory-
lated Mps1 is shown (lanes 3–6). The migra-
tion of molecular-size standards is indicated
on the right.
(B) Both wild-type and kinase-dead Mps1 are
phosphorylated. Western blotting of Mps1
was performed with CSF-arrested extract
(lane 1), Mps1-depleted extract (lane 2), and
depleted extract supplemented with wild-
type (lanes 3) or kinase-dead (lane 4) Mps1.
Extracts containing wild-type or kinase-
dead Mps1 were treated with l protein phos-
phatase (lanes 5 and 6), treated with micro-
cystin (lanes 7 and 8), or subjected to in vitro
autophosphorylation reactions (lanes 9 and
10) prior to the Western blot analysis.
(C) Inhibition of MAPK activity reduces Mps1
phosphorylation at M phase. Metaphase
extracts were treated with DMSO (lane 1) or
U0126 (lane 2). The samples were immuno-
blotted with anti-Mps1 (upper panel), anti-
MAPK (middle panel), and anti-phosphory-
lated MAPK (lower panel) antibodies.
(D) Two-dimensional tryptic-phosphopeptide
mapping of Mps1. Kinase-dead Mps1 was
labeled with 32P in interphase or metaphase
extracts in the absence or presence of
U0126, as indicated. The map of kinase-
dead Mps1 that also contains the S844A
mutation is shown in the lower right panel.
(E) In vitro phosphorylation of Mps1 by MAPK. GST fusion of Mps1 (amino acids 756–882) (lanes 1 and 3) or the same region containing the S844
mutation (lanes 2 and 4) were subjected to in vitro phosphorylation with control (lanes 1 and 2) or MAPK (lanes 3 and 4) immunoprecipitations. An
autoradiography of 32P incorporated into GST-Mps1 (upper panel) and the Coomassie Blue staining of the gel (lower panel) are shown.were present in both interphase and metaphase extracts
(Figure 1D). Interestingly, this mitotic phosphopeptide
was greatly reduced when the extract was treated with
U0126 (Figure 1D). The weak signal of the mitotic phos-
phopeptide in U0126-treated extracts might be due to
residual MAPK activity in the extracts. These results indi-
cate that the major mitosis-specific phosphopeptide
was likely generated by MAPK.
Alignment of Xenopus, mouse, and human Mps1 pro-
tein sequences revealed eight evolutionarily conserved
MAPK recognition sites in Xenopus Mps1: S283, S459,
T476, T491, T506, S733, T753, and S844. In order to
identify the phosphorylation site, we constructed eight
mutants that each contained a single mutation of alanine
or valine in place of the conserved serine or threonine,
respectively. Phosphopeptide mapping of these eight
mutants showed that S844A abolished the major mito-
sis-specific phosphopeptide (Figure 1D, lower right
panel), suggesting that S844 was likely the major target
for MAPK. To test whether Mps1 is a substrate for MAPK
in vitro, we generated GST-fusion proteins with trun-
cated Mps1 that contained amino acid 756 to the C ter-
minus. In vitro phosphorylation reactions showed that
MAPK readily phosphorylated the wild-type protein
but not the S844A mutant (Figure 1E), suggesting that
Mps1 indeed was a substrate for MAPK.The Spindle Checkpoint Requires
Phosphorylation at S844
We next determined whether phosphorylation at S844 of
Mps1 was involved in the spindle-checkpoint function of
Mps1. The egg extracts are normally arrested at meta-
phase by the cytostatic factor activity (CSF), and the
arrest is released upon calcium addition. The spindle
checkpoint is typically activated in the extract by incu-
bation with a sufficient amount (9,000–15,000/ml ex-
tracts) of sperm nuclei and the microtubule inhibitor
nocodazole. After the checkpoint is activated, the ex-
tract remains at M phase even after calcium addition,
as indicated by sustained Cdc2 activities (Figure 2A,
mock depletion). In Mps1-depleted extracts incubated
with sperm nuclei and nocodazole, Cdc2 activities de-
clined rapidly upon calcium addition, indicating that the
spindle checkpoint was lost in the absence of Mps1
(Figure 2A). When wild-type Mps1 was added back to
extracts depleted for the endogenous protein, Cdc2 ac-
tivities were maintained (Figure 2A), indicating that the
exogenously added Mps1 was functional. However,
addition of either kinase-dead or S844A mutants failed
to sustain Cdc2 activities (Figure 2A), indicative of a
defective spindle checkpoint. On the other hand, the
S844D mutant, with aspartic acid in place of serine to
mimic phosphorylation, was able to support the spindle
Current Biology
1766checkpoint (Figure 2A). These results suggest that both
the kinase activity and phosphorylation at S844 are
essential for the spindle-checkpoint function of Mps1.
In addition, extracts containing the S844D mutant in
the absence of nocodazole did not maintain Cdc2 activ-
ities after calcium addition (Figure 2A), indicating that
S844D protein was unable to constitutively activate the
spindle checkpoint without spindle disruption.
Because the kinase activity of Mps1 is critical for the
spindle checkpoint [6], we tested whether S844A muta-
tion might affect the kinase activity of Mps1. Metaphase
extracts depleted of endogenous Mps1 were supple-
mented with wild-type, kinase-dead, or S844A-mutant
Mps1 to the endogenous levels. Mps1 proteins were
immunoprecipitated for in vitro autophosphorylation
Figure 2. S844A Mutation Abolishes the Spindle-Checkpoint Func-
tion of Mps1
(A) Sperm nuclei were incubated with mock-depleted extracts or
Mps1-depleted extracts supplemented with wild-type (WT), kinase-
dead (KD), S844A, or S844D Mps1 proteins as indicated on the left.
Nocodazole was added to samples as indicated on the right. Calcium
chloride was then added to override the CSF activity. Cdc2 activities
in the samples, as determined by in vitro histone H1 phosphorylation,
were measured at the times indicated after calcium chloride addition.
Autoradiographies of histone H1 phosphorylation are shown. An
immunoblot of Mps1 in the samples at time 0 is shown in (B).reactions. As expected, kinase-dead Mps1 had no auto-
phosphorylation activity (Figure 3A, lane 2). Interest-
ingly, the activity of the S844A mutant was comparable
to that of the wild-type protein (Figure 3A, compare
lanes 1 and 3), indicating that phosphorylation at S844
is not required for the kinase activity of Mps1. This result
suggests that the checkpoint defect of the S844A
mutant was not due to a lack of the kinase activity.
Phosphorylation at S844 Is Required for Kinetochore
Localization of the Spindle-Checkpoint Proteins
Because Mps1 is required for kinetochore localization of
other spindle-checkpoint proteins [6, 7], we tested the
Figure 3. S844A Affects Binding of the Checkpoint Proteins to Unat-
tached Chromosomes, but Not the Kinase Activity of Mps1
(A) Wild-type Mps1 (lane 1), kinase-dead (lane 2), or S844A (lane 3)-
mutant proteins were immunoprecipitated from metaphase egg
extracts, and in vitro autophosphorylation reactions followed. An
autoradiography of 32P incorporated into Mps1 is shown (upper
panel). An immunoblot of Mps1 proteins in the extracts is shown in
the lower panel.
(B) Sperm nuclei and nocodazole were incubated with egg extracts
that were mock depleted (lanes 1 and 6) or both depleted for the en-
dogenous Mps1 and supplemented with mock (lanes 2 and 7), wild-
type (lanes 3 and 8), kinase-dead (lanes 4 and 9), or S844A (lanes 5
and 10) Mps1 proteins as indicated. Chromosomes in the samples
were isolated by centrifugation through a sucrose cushion. The
extracts (lanes 1–5) and chromosomal fractions (lanes 6–10) were
immunoblotted for proteins indicated on the left.
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for Kinetochore Localization of Mps1
(A) Sperm nuclei and nocodazole were
incubated with mock-depleted extracts or
Mps1-depleted extracts supplemented with
mock or various Mps1 proteins as indicated
on the left. The chromosomes were fixed
and isolated for immunofluorescence stain-
ing with Mps1 and Mad1 antibodies.
(B) Extracts were treated with DMSO or
U0126 as indicated on the left before incuba-
tion with sperm nuclei and nocodazole for im-
munofluorescence staining of Mps1 and
Mad1. Scale bars represent 10 mm.possibility that S844A mutation might affect this func-
tion. We purified the chromosomes from nocodazole-
treated egg extracts containing various forms of Mps1
and then analyzed the spindle-checkpoint proteins
by Western blotting. The result showed that Mps1
depletion caused a great reduction in the levels of
BubR1, Bub1, Bub3, Mad1, and Mad2 in the chro-
mosomal fractions (Figure 3B). Addition of wild-type
Mps1, but not kinase-dead or S844A mutants, to the
depleted extracts restored the levels of the checkpoint
proteins as well as hyperphosphorylation of Bub1 and
BubR1 in the chromosomal fractions (Figure 3B). This
result indicates that both the kinase activity of Mps1
and phosphorylation at S844 are required for efficientrecruitment of the spindle-checkpoint proteins to unat-
tached chromosomes.
We were unable to detect Mps1 in the chromosomal
fractions by Western blotting, probably because of
a low level of Mps1 at kinetochores or a very dynamic in-
teraction of the protein with kinetochores. In fact, fluo-
rescence recovery after photobleaching (FRAP) analysis
of GFP-Mps1 reveals a fast turnover rate at unattached
kinetochores with a half-life of approximately 10 s [14].
We thus examined Mps1 localization by immunofluores-
cence staining of isolated chromosomes. We found that
Mps1 and Mad1 antibodies costained kinetochores of
chromosomes prepared from mock-depleted extracts
treated with nocodazole (Figure 4A, top panels). Both
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Mps1-depleted extracts (Figure 4A). Adding back wild-
type Mps1 or the S844D mutant, but not the S844A
mutant, restored both anti-Mps1 and anti-Mad1 staining
at kinetochores (Figure 4A). Consistent with the notion
that MAPK phosphorylates S844 in Mps1, U0126 treat-
ment diminished both Mps1 and Mad1 at kinetochores
(Figure 4B). These results suggest that kinetochore tar-
geting of Mps1 requires phosphorylation at S844 and
that the spindle-checkpoint defect of the S844A mutant
is due to its inability to associate with kinetochores. In
addition, kinase-dead Mps1 was able to localize to ki-
netochores, although the staining level was lower than
that of wild-type and S844D proteins (Figure 4A). The re-
sult indicates that the kinase activity of Mps1 is not ab-
solutely required for its kinetochore targeting but that
phosphorylation of some kinetochore or spindle-check-
point proteins, or both, by Mps1 might in turn enhance
kinetochore association of Mps1.
In this study, we demonstrate that Mps1 in Xenopus
egg extracts is phosphorylated differentially during the
cell cycle, and these results are similar to previous find-
ings in human cells [10, 13]. We show that the increased
phosphorylation at M phase is dependent on MAPK.
MAPK is required for the spindle checkpoint, and phos-
phorylation of Cdc20 by MAPK is required for Cdc20 to
associate with spindle-checkpoint proteins [15]. In addi-
tion, MAPK phosphorylates and activates Bub1 at kinet-
ochores, and this activity facilitates the spindle check-
point in egg extracts [16]. We herein identify Mps1 as
another target for MAPK in the spindle checkpoint.
Together, these findings suggest that MAPK controls
several major steps in the spindle checkpoint.
We map the major MAPK-dependent phosphorylation
site to S844 and demonstrate that phosphorylation at
this site is essential for the spindle checkpoint. The un-
phosphorylatable S844A mutant is defective in the spin-
dle checkpoint, whereas the phosphorylation-mimick-
ing S844D mutant is functional. The S844A mutant
retains the normal kinase activity but is unable to local-
ize to the kinetochore. These results suggest that active
Mps1 must associate with kinetochores in order to exert
its function in the spindle checkpoint. It is possible that
Mps1 might phosphorylate some kinetochore compo-
nents in order for spindle-checkpoint proteins to bind.
Alternatively, Mps1 might efficiently phosphorylate its
substrate when both Mps1 and the substrate are
brought to close proximity by the unattached kineto-
chore. In budding yeast, it has been shown that overex-
pression of Mps1 constitutively activates the spindle
checkpoint in the absence of any kinetochore or spindle
defect [12, 17, 18]. Overexpression of Mps1 might allow
efficient phosphorylation of its substrates and thus
bypass kinetochore targeting. Furthermore, the S844A
mutant cannot localize to the kinetochore, suggesting
that phosphorylation of S844 by MAPK might create
some phosphoepitope that allows Mps1 to interact with
kinetochore components. It has also been shown that
Aurora-B/INCENP complex is required for kinetochore
localization of Mps1 [7]. It remains to be determined if
there is any interplay between Aurora-B/INCENP and
MAPK. Upon docking at the kinetochore, Mps1 then
phosphorylates other kinetochore or spindle-checkpoint
proteins, or both, to recruit other spindle-checkpointproteins to kinetochores. The nature of the kinetochore
component that associates with phosphorylated Mps1
and the substrates for Mps1 remains to be determined.
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